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Abstract
The abundance of empty fruit bunch (EFB) was generated over time as the by-products during oil palm fresh fruit bunches processing 
for the production of crude palm oil. The EFB was viewed as renewable energy resources. In this study, two series of the EFB pyrolysis
experiments were conducted using a fixed-bed reactor to determine the effects of holding time and the sweeping nitrogen gas flowrates on 
the pyrolysis yields. In each experiment, the pyrolysis temperature was raised to 442.15oC with a ramprate of 50oC/min and nitrogen
flowrate of 150 cm3/min. The first series of experiment was conducted to determine the effect of holding time on the distribution of 
pyrolysis products.  Therefore, the holding time was varied at 6, 8, 10 and 12 minutes. It was identified that at 10 minutes holding time,
the highest bio-oil yield of 45.72% was obtained with bio-char yield of 25.88% and 28.40% gas produced. In the second series of 
experiments, the effect of nitrogen flow rates was investigated by varying the nitrogen flowrates at 150, 200, 300, 400 and 500 cm3/min. It 
was identified that at nitrogen flowrates of 200 cm3/min, the bio-oil yield of 46.02% was at its maximum with bio-char and gas production 
of 26.69 % and 27.29% respectively.
© 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of the Research Management & Innovation Centre, Universiti Malaysia
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1. Introduction
The cultivation of oil palm in Malaysia and production of crude palm oil has boost up the Malaysian economy [1].
According to Sridhar and Adeoluwa (2009), oil palm (Elaeis guineensis Jacq.) was considered as a plant that produced the 
highest yield of oil in comparison to other oil producing plants [2]. However, huge amount of biomass waste was also
produced during the processing of palm oil. The EFB is a major waste product produced in oil palm plantations which
requires careful management. According to Stichnothe and Schuchardt (2010), the production of 1 tonne of crude palm oil
(CPO) required 5 tonnes of fresh fruit bunches (FFB) that in return produced an average of 1,150 kg empty fruit bunches
(EFB) and 3250 kg palm oil mill effluent (POME) [3].  A few research studies had focused on utilization of the oil palm 
waste biomass such as empty fruit bunches (EFB) and mesocarp fibre (MF) that indicated potential benefits. Guo and Lua
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(2000) prepared high density and porous activated carbons from oil palm fruit solid wastes [4].  The EFB was burnt to 
produce ash that functioned as soil conditioner as the EFB possessed nutrients which play significant role in for plant 
growth [5]. 
The solid biomass waste was considered as a potential source of renewable energy which could contribute to the 
development of the renewable energy sector in Malaysia. The non-food energy crops which originated from plants and 
agricultural waste were considered as the resources of a second generation biofuel [6]. The biomass could be converted to 
other useful products via two processes which were biochemical and thermochemical processes [7]. 
One of the thermochemical processing on biomass was called pyrolysis. The pyrolysis process on biomass produced 
three products which were solid (char), liquid (tar) and gaseous products [8].  Since the conversion of biomass waste into 
the three products could be achieved via the pyrolysis process, therefore the process become acceptable worldwide. 
Moreover, the process could be optimized in order to favour the formation of pyrolysis liquid, in addition to char and gas 
production [9].  
Pyrolysis could be divided into three subcategories which were conventional or slow pyrolysis, fast pyrolysis and finally 
flash pyrolysis. The conventional pyrolysis required slow heating rate and long residence time, meanwhile the fast pyrolysis 
occurred at high temperature range with high heating rate 10-200 K/s and low residence time of approximately 0.5-10 s. As 
for flash pyrolysis, the heating rate occurred at rate higher than 1000 K/s with very low residence time of less than 0.5s 
using very minute particle of biomass [6]. The residence time for fast pyrolysis occurred in a matter of  seconds, therefore 
the factors such as reaction kinetics, phase transitions, heat and mass transfer played significant roles [10]. Due to utilization 
of long duration of residence time, therefore the conventional pyrolysis was the most suitable method to produce charcoal 
[11]. The pyrolysis methodology that favored or maximized the production of pyrolysis liquids were low or short residence 
times coupled with high heating rate to achieve moderate temperature [12,13]. The moderate temperature that could 
maximized the pyrolysis liquid yield was in the  range of 625-725K or 352-452 oC since about 40-75% liquid bio-oil could 
be obtained [14]. The remaining were 10-20% char and 10-30% were uncondensable gases [14]. When pyrolysis 
temperature achieved 500 oC or more, the secondary cracking of the reaction products occurred that resulted in the 
decreased pyrolysis liquid yield [15]. 
2.1 Reaction in biomass pyrolysis 
During pyrolysis of biomass, a series of complex chemical reactions occurred that included reactions such as hydrolysis, 
dehydration, isomerization, dehydrogenation, aromatization, retro-condensation and coking [12]. 
According to Zhang, the bio-oils were composed of an aqueous phase and an organic phase or better known as tar [16]. 
The aqueous phase contained low molecular weight oxygenated compounds and the organic phase had various insoluble 
aromatic organic compounds of high molecular weight [16]. The bio-oils had advantages in many fields such as transport, 
storage and combustion [17]. The bio-oils were used as boiler fuel for stationary power and could also be utilized as 
chemical feedstock [12]. The bio-oils contained water, organic compounds such as acids, ketones, aldehydes, phenols, 
esters, furans, hydrocarbons and large molecular oligomers [18]. The oxygenated compound in bio-oils reduced its calorific 
value and thus was the main barrier that differed it from the hydrocarbon fuels. As a consequence, the bio-oils needed to be 
improved or upgraded for it contained high oxygen and water content of 40-50 wt% and 15-30 wt% respectively [19]. 
Therefore, the oxygen removal phase was considered as vital in order to improve the physico-chemical properties of the bio-
oil into liquid fuel [20]. Deoxgenation process in biomass pyrolysis could be achieved by the removal of CO from 
aldehydes, ketones and organic acids [21]. 
2. Materials and Methods 
2.1 Biomass pretreatment 
The empty fruit bunches (EFB) were obtained from palm oil mill North Star Palm Oil Mills which is located in Kuala 
Ketil, Kedah, Malaysia. The biomass was rinsed with tap water to remove impurities and dried in the oven at 80 oC for 24 
hours. It was crushed using a crusher to low particle size and sieved using the Retsch sieve shaker. The EFB of particle sizes 
of 710- iment.  
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2.2 The pyrolysis experiment 
The schematic diagram of the fixed-bed reactor system used for the pyrolysis studies was shown in Figure 1. The major 
components of the reactor system included a vertical fixed bed reactor tube, furnace, gas cylinder (nitrogen gas (N2)), 
condenser and thermocouple to monitor reaction temperature and a cooling circulation unit. The Shimaden Lite 
programmable controller was used to control the system with the manipulation of pertinent parameters such as the 
temperature and holding time in the system and connected to a computer. 
   
 
  
 
 
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: The tubular fixed bed reactor set-up 
 
The first series of the EFB pyrolysis experiments was conducted using a fixed-bed reactor to determine the effect of 
holding time on the pyrolysis yields. The holding time was varied at 6, 8, 10 and 12 minutes. A sample of 5.0 gram of the 
EFB of particle size of 710-1000 μm was charged to the reactor tube. The reactor tube was loaded into the furnace and the 
reactor was purged with nitrogen at 2 bars for 10 minutes. The pyrolysis experiment began when the temperature was 
increased from room temperature to pyrolysis temperature of 442.15oC at a ramprate of 50oC/min and kept isothermal for 
283 seconds or 4 minutes 43 seconds with nitrogen flowrates of 150 cc/min. The experiments at each holding time were 
conducted in triplicate. 
The second series of experiments was conducted to determine the effect of varied nitrogen flow rates on the distribution 
of product yields from the pyrolysis of EFB. A sample of 5.0 gram of the EFB of similar particle size was charged to the 
fixed-bed reactor and purged with nitrogen at 2 bars for 10 minutes. The pyrolysis experiment began when the temperature 
was increased from room temperature to pyrolysis temperature of 442.15oC at a ramprate of 50oC/min and kept isothermal 
for 10 minutes. The varied nitrogen flowrates were 200, 300, 400 and 500 cm3/min. The experiments at each nitrogen 
flowrates time were conducted in triplicate. Uzun and Sarioglu (2009) conducted the pyrolysis of corn stalks using a fixed-
bed reactor using 5.0 gram of the sample and increased to a selected pyrolysis temperature and hold to that temperature for 
10 minutes [22]. 
The products were obtained after the completion of the holding process. The experiment conducted took approximately 
one hour to complete. The bio-oil that adhered to the wall of the condenser was removed using acetone and was evaporated 
using a rotary evaporator (Buchi Switzerland) at 58 oC. Hence, the overall mass of oil was estimated by mixing the bio-oil 
obtained directly from the first condenser as well as the bio-oil recovered by acetone. 
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Relevant Calculations 
The production of char, bio-oil and gaseous yield obtained during the pyrolysis reaction were determined on weight 
basis according to Equation 1, 2 and 3 as followed: 
The char yield equation: 
Char yield=  mass  of  char   mass  of  EFB g  100%                                                                    (1) 
The bio-oil yield equation: 
Bio oil yield % =    mass  of  EFB g  100%                                                     ( 2) 
The gaseous yield equation: 
Gaseous yield = 100% Oil yield Char yield  (3) 
3. Results and Discussion 
3.1 The effect of holding time on the pyrolysis yields 
The distribution of pyrolysis products from the pyrolysis of EFB was tabulated in Table 1. The average was calculated 
and transformed into graphical form in Figure 2. The pattern for bio-char yield from holding time of 6-12 minutes was 
rather plateau. There was no significant change in its yield over increasing holding time. 
Table 1: The distribution of pyrolysis products from the efb pyrolysis 
Holding time (minutes) Bio-oil 
(%) 
Bio-char 
(%) 
Gas 
(%) 
6(Run 1) 43.85 27.38 28.77 
6 (Run 2) 47.41 26.10 26.49 
6 (Run 3) 40.84 26.49 32.67 
Average 44.03 26.67 29.31 
    
8(Run 1) 44.25 30.16 25.59 
8 (Run 2) 46.12 25.45 28.43 
8 (Run 2) 40.92 24.35 34.73 
Average 43.76 26.65 29.58 
    
10(Run 1) 45.91 27.15 26.94 
10 (Run 2) 46.43 25.20 28.37 
10 (Run 3) 44.82 25.30 29.88 
Average 45.72 25.88 28.40 
    
12(Run 1) 44.11 25.35 30.54 
 12(Run 2) 43.23 24.90 31.87 
 12(Run 3) 48.10 26.15 25.75 
Average 45.17 25.47 29.38 
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Fig. 2: The production of bio-oil, char and gas over varied holding time. 
From 6-10 minutes holding time, the bio-oil yield was on increasing trend.  However, the bio-oil yield dropped back at 
12 minutes holding time. This study suggested that the maximum bio-oil yield of average 45.65% was obtained at 10 
minutes holding time. Thus, 10 minutes was considered as the optimum holding time to obtain maximum bio-oil yield 
within 5.0 gram of EFB feedstock. 
The effect of holding time on the distribution pyrolysis products was investigated by reference [23] and reference [24] 
which used the fixed-bed reactor in the pyrolysis of rice husk and palm shell respectively. Abnisa, Daud, Husin and Sahu 
2011 examined the effects of reaction time in the pyrolysis of palm-shell using a fixed-bed reactor. They obtained 45.9 wt% 
bio-oil at pyrolyis temperature of 500 oC, 2L/min of N2 flow rate, particles size  of diameter particle (d.p) 1.70<d.p<2mm  
and 60 mins of reaction time [24].  Tsai, Lee and Chang (2007) had conducted a fixed-bed fast pyrolysis of rice husk and 
discovered that the bio-oil yield was increased from 1-2 min, but reduced over higher holding time due to thermochemical 
cracking of pyrolysis products [23]. 
The bio-char yield was rather constant and plateau throughout the studied holding time and ranging from 25.47-26.67%. 
The gas yield was reasonably stable and the average was in the range of 28.40-29.58%.  It was also identified that the gas 
yield was at its lowest when the bio-oil yield was at its highest.  
3.2 The effect of  nitrogen flow rates on the pyrolysis yields  
 
The results from the EFB pyrolysis was tabulated in Table 2 and transformed into graphical form in Figure 3. It was 
observed that small insoluble particles of dark brownish in colour were formed at the bottom of the receiving flask after the 
EFB pyrolysis experiment with nitrogen flow rate of 200 cm3/min was completed. This could be due to the presence of tarry 
molecules of high molecular weights. The particles were separated from the liquid products. The percentage mass of the 
tarry compounds was approximately 11% from the bio-oil weight. The gases were formed in the receiving flask which 
escaped condensation from the first condenser during initial part of the pyrolysis process at high nitrogen flowrates of 500 
cm3/min. The bio-char yield was rather plateau over increasing nitrogen flowrates. Since the study was aimed on the 
production of bio-oil yield, hence the char yield was not being investigated further. 
 
Table 2: The pyrolysis yields from the pyrolysis of efb at varied nitrogen flowrates 
Nitrogen flow rates 
(cm3/min) 
Bio-oil 
(%) 
Bio-char 
(%) 
Gas 
(%) 
150(Run 1) 45.91 27.15 26.94 
150(Run 2) 46.23 25.2 28.37 
150(Run 3) 44.82 25.30 29.88 
Average 45.65 25.88 28.40 
    
200(Run 1) 46.71 26.55 26.74 
200(Run 2) 46.81 26.49 26.70 
200(Run 3) 44.53 27.04 28.43 
Average 46.02 26.69 27.29 
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300(Run 1) 41.55 24.06 34.39 
300 (Run 2) 41.80 24.60 33.60 
300 (Run 2) 41.43 27.09 31.48 
Average 41.59 25.25 33.16 
    
400(Run 1) 43.56 27.13 29.11 
400 (Run 2) 44.53 28.03 27.44 
400 (Run 3) 41.67 26.98 31.35 
Average 43.32 27.38 29.30 
    
500(Run 1) 39.96 26.84 33.20 
500(Run 2) 33.93 27.98 38.09 
500(Run 3) 39.52 26.35 34.13 
Average 37.80 27.06 35.14 
 
 
Fig. 3.The effect of nitrogen flowrates on the distribution of EFB pyrolysis products. 
From Figure 3, the bio-oil yield of 45.65% was achieved when the nitrogen flowrate was set at 150 cm3/min. However, 
the bio-oil yield increased to 46.02% when the nitrogen flowrates was increased to 200 cm3/min. It would seemed to suggest 
that at lower nitrogen flowrates, the velocity of the sweeping gas was slightly lower to transfer the hot vapors into the 
condensation section. This seemed to increase with increased nitrogen flowrates to 200 cm3/min. 
Beis, Onay and Kockar 2002 suggested that the sweeping nitrogen gas had removed the hot vapour quickly and reduced 
the residence time of the hot vapors [25]. Concomittantly, it had contributed to the higher mass of bio-oil obtained. The 
result was also in good agreement with Gercel 2002 [26]. Gercel 2002 had reported that the minimization on the secondary 
reactions was achieved by higher velocity of the sweeping gas that transferred the hot vapors into the condensed bio-oil 
[26]. This resulted in increased bio-oil yield.  
However, the bio-oil yield seemed to reduce when the nitrogen flowrate was increased from 300-500 cm3/min. This was 
especially evident at nitrogen flowrate of 500 cm3/min. This could be due to the insufficient condensation of the hot vapors 
by the cooling apparatus in the system. Ertas and Alma 2010 reported that the bio-oil yield from the pyrolysis of laurel 
extraction residues using a fixed-bed reactor decreased at higher sweeping flow rate of 400 mlmin-1 due to the condensation 
apparatus could not cooled the hot vapours from the reactor sufficiently [27]. Consequently, it had resulted in lower oil 
yield.   
The decreasing trend of the bio-oil yield over increasing nitrogen flowrates seemed to increase the production of gas 
(Figure 3). The gas yield of approximately 27% was at its lowest at nitrogen flowrates of 150-200 cm3/min. This increased 
to 33.16% at nitrogen flowrates of 300 cm3/min but reduced slightly at nitrogen flowrates of 400 cm3/min. However, it was 
at maximum of 35.14% when the nitrogen flowrates was set at 500 cm3/min. It was suggested that a certain volume of 
condensable gases had transferred and escaped condensation due to high velocity of the sweeping gas. 
In this study, the optimal nitrogen flowrate for the EFB pyrolysis was at 200 cm3/min since the bio-oil yield reached a 
maximum of 46.02% (Table 2 and Figure 3). 
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4. Conclusion 
Two series of the EFB pyrolysis experiments were conducted using a fixed-bed reactor to determine the effects of 
holding time and the sweeping nitrogen gas flowrates on the pyrolysis yields. It was determined that at 10 minutes holding 
time, the highest bio-oil yield of 45.72% was obtained with bio-char yield of 25.88% and 28.40% gas produced. However, 
in the second series of experiments, the optimal nitrogen flowrates was identified at 200 cm3/min since the bio-oil yield of 
46.02% was at its maximum with bio-char and gas production of 26.69 % and 27.29% respectively. Moreover, at lower 
nitrogen gas flowrate (150 cm3/min), the bio-oil yield was lower because the velocity of the sweeping nitrogen gas was 
slightly lower. When the sweeping gas flowrates was increased (300-500 cm3/min), the bio-oil yield had decreased which 
could be due to the insufficient cooling of the hot vapors by the system. 
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